.%), mafic to ultramafic metapicritic rocks in the Early Proterozoic Svecofennian domain of Southern Finland. Relatively Fe 2 Si0 4 -rich porphyroblastic olivines formed in those rocks through decomposition of Fe-Mg chloritedominated phyllosilicates at uppermost amphibolite facies conditions. Forsterite contents are, to some extent, related to bulk rock composition and abundances of coexisting phases. However, complex interactions dependent on modal compositions of the phyllosilicate assemblages being dehydrated and alteration processes which modified the phyllosilicate compositions were also controlling factors. These same factors are responsible for negative OL Ni -Fo correlations observed in the metapicrites, opposite to those characteristic of olivines formed through fractional crystallization of magmas. Nickel contents of metamorphic olivines analyzed (290-3315 ppm) cover the whole spectrum characteristic of igneous olivines. This wide range in olivine nickel contents is not due to Ni partitioning into a sulfide phase because only a very small amount of sulfide is present. Manganese contents in these metamorphic olivines are similar to those in igneous olivines and the very low calcium levels are characteristic of plutonic olivines. Caution is emphasized when utilizing olivine compositions for exploration purposes in regionally metamorphosed terrains.
Introduction
Metamorphic olivine is an important phase in medium to high grade assemblages of metamorphosed ultramafic rocks (e.g. Evans 1977) . It is a common constituent of progressively metamorphosed serpentinites (Peretti et al. 1987 , Kunugiza 1982 , Vance and Duncan 1977 , Tromsdorff and Evans 1974 , Binns and Groves 1976 where it first forms through the metastable reaction crysotile = antigorite + forsterite + vapour (Peretti et al. 1987) and at slightly higher grade by antigorite + brucite = olivine + vapour (Evans 1977) . Olivine is thereafter stable in all prograde assemblages. Metamorphic olivine formed through dehydration reactions of serpentine minerals is anomalously Fo-rich (Pincent and Hirst 1975 , Evans 1977 , Vance and Duncan 1977 , Kunugiza 1980 , Papunen and Idman 1982 , Dymek et al. 1988 . The growth of this olivine does not affect magnetite, formed in the serpentinization process, thus ignoring most of the iron previously present in the igneous olivine characteristic for that rock composition. Forsterite contents exceeding 95 mol.% are not uncommon for olivines formed through such a process (Evans 1977) . Magnetite is often seen as droplet-shaped inclusions or tracks in metamorphic olivine that are remnants from the serpentinite protolith and mimic original grain boundaries.
Metamorphic olivine can also form from phyllosilicates other than serpentine. In WestAustralian metakomatiites, relatively Fe-rich porphyroblastic olivine selectively replaced chlorite which itself was a replacement-product of spinifex-textured olivine (Oliver et al. 1972 ). These authors argued that the high iron-content of this chlorite had lowered its breakdown temperature and facilitated the crystallization of olivine at amphibolite facies (Turnock 1960) . In contrast, Stamatelopoulou-Seymour and Francis (1980) argued that Fo-poor olivine porphyroblasts in peridotitic metakomatiites were not formed by chlorite breakdown reactions. They proposed the reaction serpentine + diopside = forsterite + tremolite + vapour responsible for the equilibrium mineral assemblage olivinetremolite-serpentine-chlorite ± talc.
Clearly, processes which govern the growth of relatively iron-rich olivine in highly magnesian rocks have not been resolved satisfactorily. This paper, for the first time describes relatively Fe 2 Si0 4 -rich metamorphic olivines found in metapicritic rocks. Host rocks were metamorphosed to low pressure upper amphibolite facies conditions during the Svecokarelidic orogeny. They are less magnesian and more silica-rich than metaserpentinites and metakomatiites from which metamorphic olivine has been reported earlier. Compositional trends distinct from igneous olivine are discussed with special reference to trace element contents.
Geological setting
Supracrustal rocks of southern Finland belong to the Svecofennian domain of the Svecokarelidic orogeny, 1.90-1.83 Ga in age (Huhma 1986 , Kähkönen 1989 . The Svecofennides are interpreted to have formed through sequential accretion of island arcs (e.g. Gaål 1990 ), although also a more complicated history has been postulated (Nironen 1989) . Svecofennian volcanism was dominantly calc-alkalic with some tholeiitic material (e.g. Mäkelä 1989 ) and rare ultramafic volcanic rocks, sometimes together with mafic volcanics within metapelites. Svecofennian volcanism took place between 1.90 and 1.87 Ga (Huhma 1986) although there is evidence that some of the basaltic volcanics might be older (around 1.99 Ga) and might represent allochtonous slabs of oceanic crust accreted to the Svecofennian terrain (Vaasjoki and Huhma 1987) .
Ultramafic and mafic metavolcanics were sampled from Rantasalmi, West-Uusimaa and Vammala regions (Fig. 1) . Sampling was guided by earlier descriptions from Rantasalmi by Kousa (1985) , from West-Uusimaa by Schreurs and Westra (1985) and from Vammala by Häkli et al. (1979) and Mäkinen (1987) . Mineral assemblages are metamorphic with no preservation of primary minerals except some phenocrysts in the Vammala area. Chemically, the rocks are »high-Mg» metavolcanics, which according to IUGS recommendations (Le Maitre 1989), can be broadly classified as picritic rocks. This subclass includes all volcanic rocks having MgO>18 wt.%, Si0 2 <53 wt.% and Na 2 0 + K 2 0<2.0 wt.% on an anhydrous basis. However, upper parts of some the differentiated single flows have less than 18 wt.% MgO. The range of silica contents is relatively large (Table 1 ) and in some flows Si0 2 exceeds 45 wt.% (anhydrous) even in the most magnesian (up to 25 wt.% MgO) bottom units. These Svecofennian metapicrites are more differentiated with respect to Ti compared to true komatiites (Table 1) . Normative compositions are peridotitic and always silicaundersaturated containing olivine ± nepheline. Differentiation trends were largely determined by fractionation of olivine and orthopyroxene.
Metavolcanics of the Rantasalmi area, close to the Archean-Proterozoic suture zone in southeastern Finland, constitute a differentiated suite of mafic (amphibolites) to ultramafic (amphiboleolivine rocks) lava flows and pyroclastic and lava Simonen (1980) and Mäkinen (1987). breccias. Pillow and amygdaloidal structures point to a subaqueous environment (Kousa 1985) . The mineralogy of the ultramafic members is characterized by large olivine porphyroblasts, colourless tremolitic hornblende, clinopyroxene and porphyroblastic green spinel (+ chlorite, ± carbonate). These form a stable metamorphic assemblage characteristic of upper amphibolite fades (Evans 1977) . Potassium feldspar-sillimanite assemblages in the adjacent metapelites give metamorphic crystallization condition estimates of 660° C and 4 kbars (Korsmän 1977) . These temperatures and pressures are consistent with the absence of orthopyroxene in the Rantasalmi ultramafic rocks.
An almost identical sequence of subaqueous, pillow-structured ) ultramafic picritic volcanics occur within metapelites in the West-Uusimaa region, Southern Finland (Fig. 1) . This southernmost Svecofennian supracrustal zone may represent a rift environment characterised by bimodal volcanism within the Svecofennian paleo-island-arc (Mäkelä 1989) . Ultramafic metavolcanics occur close to and inside the granulite facies West-Uusimaa Complex (Parras 1958, Schreurs and . Metamorphic conditions reached 750°C-825°C and 3-5 kbars (Screurs and Westra 1986). Compositions of West-Uusimaa amphibolites and ultramafic lava flows form continuous geochemical trends pointing towards a common parental magma ). Stable mineral assemblages here comprise metamorphic olivine, magnesiohornblende, diopside or orthopyroxene and green spinel. The occurence of metamorphic orthopyroxene at West-Uusimaa and amphibole compositions that have lower calculated Sications (Evans 1982) suggest that metamorphic temperatures were higher at West-Uusimaa than at Rantasalmi. The third occurrence of Svecofennian »high-Mg» extrusive rocks is located in the Vammala nickel belt, where picritic lavas and some pyroclastic rocks are intermingled with pelitic sediments. These rocks have also been called »cortlandites» in which agglomeratic textures have been reported (Häkli et al. 1979) . Drill core profiles show that each flow unit is composed multiple differentiated flows. Metamorphic olivine is found only in the most magnesian lower parts of each flow where normative olivine contents approach 40 %. Mineral assemblages (metamorphic olivine, tschermakitic/magnesio hornblende, diopside or orthopyroxene, green spinel ± carbonate) correspond to those determined from surrounding upper amphibolite -lower granulite facies metapelites ( = 670°C and 5-6 kbars; P. Hölttä, unpubl. data). These picritic rocks of the Vammala nickel belt do not contain sulfide mineralizations, which are mostly restricted to strongly serpentinized, peridotitic silltype bodies emplaced during the Svecokarelidic orogeny (Peltonen and Korsmän 1990) . The genetic relationship between nickel sulfide bearing peridotites and picritic rocks in the Vammala nickel province is outside the scope of this paper and will be described elsewhere.
Petrography of porphyroblastic olivine
Metamorphic olivine occurs as large irregularshaped porphyroblasts with highly embayed margins (Fig. 2) . Porphyroblasts may also engulf needlelike amphibole nematoblasts. The porphyroblasts range in size from millimeters to several centimeters and are elongated in the direction of the main schistosity (S 2 ). Only minor extinction undulation at the scale of entire blasts is evident, especially in West-Uusimaa, and suggests that only a limited amount of strain was involved during crystallization. In the Rantasalmi area where carbonate is locally present as a stable mineral, the morphology of metamorphic olivine may be idioblastic (Fig. 3) , with crystal faces in rare cases coinciding with the cleavage pattern of the carbonate host. Amphibole, chlorite spinel and magnetite inclusions are abundant, clearly indicating a metamorphic origin. In the WestUusimaa region, olivines are full of minute, subparallel amphibole needles 5-100 |am in length (Fig. 4) . Binns and Champness (1985) have reported a similar texture in relict igneous olivines from ultramafic rocks in the Yilgarn block, Australia. They regarded this as an exsolution texture and explained that tremolite, together with diopside, chlorite and antigorite formed from igneous olivine during metamorphism by reactions involving limited diffusion of water and oxygen. In the West-Uusimaa olivines, however, the amphibole needle orientation is far less pronounced and not strictly governed by any crystallographic directions. Additionally, similar amphibole needles occur in poikiloblastic orthopyroxene coexisting with olivine. Matrix amphibole, in contrast, exhibits an annealed granoblastic texture. Therefore an exsolution origin for these amphibole needles is unlikely. More likely they are simply inclusions with orientations controlled by an early schistosity.
Low temperature retrograde serpentinization and weathering has led to poorly crystalline serpentine pseudomorphs after metamorphic olivine. Colourless or yellowish serpentine together with reddish iddingsite replaces olivine along fractures and rims of porphyroblasts. Polygonal mesh texture, which is the most common olivine alteration texture (e.g. Wicks et al. 1977 ) is only Hill et al. 1988 locally evident. Magnetite has formed from the excess iron. Even after complete serpentinization, the rosette-like outlines of metamorphic olivine are still evident (Fig. 5 ).
Morphological classification of metamorphic olivines
In this study it is suggested that the term metamorphic olivine should only be used for olivines clearly recrystallized through dehydration reactions from hydrous parent minerals. Neoblastic olivines (Mercier and Nicolas 1975) which are strain-free, equigranular and deformationinduced olivine grains that occur together with porphyroclastic igneous olivine grains in mantle peridotites are thus excluded in this classification. Paktunc (1984) had described neoblasts developed along dislocation planes of olivine in metamorphosed ultramafic rocks from Thompson mine, Manitoba. Although the Thompson mine neoblasts were slightly enriched in Ni and Mn relative to parental olivine, they clearly inherited their composition from parental olivine in a very different way than true metamorphic olivines formed through dehydration reactions.
A simple morphological subdivision of metamorphic olivines is proposed in table 2. It is based strictly on crystal morphology and does not stress the olivine-forming dehydration reactions. To some extent the subdivision of porphyroblastic and elongate olivine is arbitrary. Evans and Tromsdorff (1974) pointed out that the elongation of metamorphic olivine is parallel to the direction [010], while the magmatic spinifex olivines are elongated in the [001] direction. All the olivines described in this study are sieve-textured, embayed and idiomorphic porphyroblasts.
Metamorphic crystallization
In the Finnish metapicritic rocks the stable olivine bearing mineral assemblages are A) olivine -hornblende -green spinel, B) olivine -hornblende -orthopyroxene -green spinel and C) olivine -hornblende -diopside -carbonate -green spinel ± chlorite. These assemblages are characteristic of upper amphibolite and lower granu-lite fades (Evans 1977) . The dehydration of Mgchlorite occurs at 750-775°C between 4-6 kbars (P TOT = P H2 o) through the reaction chlorite = olivine + 2 orthopyroxene + spinel + 4 H 2 0 (Fawcett and Yoder 1966 , Evans 1977 , Jenkins 1981 , Jenkins and Chernosky 1986 and is likely to be responsible for these assemblages. Green spinel never occurs in thin sections without metamorphic olivine which strongly supports their origin through the reaction shown above. Carbonate bearing assemblage C) is encountered in the lower temperature Rantasalmi region. Assemblage C) may have formed through the reaction 3 chlorite + 2 calcite = 5 olivine + 2 diopside + 3 spinel + 12 H 2 0 + 2 C0 2 . X Co2 was probably low since at X CO2 >0.4 and at temperatures determined from adjacent metapelites (660°C, Korsmän 1977), orthopyroxene would be present in assemblages where olivine and spinel are stable (Lieberman and Rice 1986) .
Mineral chemistry
The mineral determinations were carried out at the Department of Electron Optics at University of Oulu, using a JEOL JCXA 733 microprobe. Natural and synthetic oxides and metals were used as standards. The detection limits for all elements analyzed are close to 0.01 wt.%. Data reduction was done by an on-line ZAF correction program. Sample current was 33 n A at an acceleration potential of 15 kV. The methods have been explained in more detail by Alapieti and Sivonen (1983) . Forsterite content of olivine has been calculated from mineral formula according to Fo(mol.%) = 100 X Mg/ (Mg + Fe).
Major elements
The forsterite content of Finnish metapicrite olivine porphyroblasts has a large range compared to whole rock compositions. Olivine varies from 60.5-76.0 mol.% Fo (Table 3 ) with a mean of FO 69 5 , while whole rock Mg/Mg + Fe tot varies from 0.73 to 0.81. Olivines in the Rantasalmi and West-Uusimaa regions form a compositionally tighter group (Fo M 6 _ 75 9 ) than olivines analyzed from the Vammala region (Fo 60 5 _ 76 0 ). This is despite the fact that Rantasalmi and WestUusimaa regions represent the lowest and highest Table 3 . Microprobe analyses of porphyroblastic olivines. 1-5. Rantasalmi, 6-11. West-Uusimaa, 12-17. Vammala. *= Mean of two analysis by metamorphic grades, respectively. It is apparent that Fe-Mg distribution was not controlled by the P-T conditions but rather by whole rock compositions and other factors discussed later. In magmatic systems olivine Fo is a function of MgO/FeO of the coexisting liquid. Because the iron content of ultramafic magmas does not change much during the fractionation of magnesian olivines and the KD (Fe _ Mg) between olivine and liquid is known, the composition of olivine in equilibrium with certain magnesian liquids can be calculated (Roeder and Emslie 1970, Bickle 1982) . The mean magnesium content of picritic rocks from the Rantasalmi and West-Uusimaa occurrences is 21.9 wt.% and 20.4 wt.% MgO (volatile free), respectively. In light of the subaquaous pillow structures of the Rantasalmi (Kousa 1985) and West-Uusimaa ) metavolcanics, these mean values could be close to the original liquid compositions although minor fractionation within pillows or within the preemptive magma chamber could have occurred. From the Vammala occurrences where pillow structures do not occur, weighted mean compositions of single differentiated flows have been calculated (Table 1) . No low-Mg volcanic rocks belong to the succession in the Vammala nickel belt. Extrusive magmas with magnesium contents deduced above should crystallize olivine of about Fo,,, as a first liquidus phase (Duke and Naldrett 1978) . It is evident that the metamorphic olivines analyzed are anomalously iron-rich compared to Simkin and Smith (1970) . Modified from Thompson and Naldrett (1984) .
their host rock compositions. In fact, forsterite contents of porphyroblastic olivines measured are characteristic for igneous olivines in equilibrium with normal basaltic to andesitic liquids (Simkin and Smith 1970) . Pyroclastic, subaqueous (Häkli et al. 1979 , Kousa 1985 , Schreurs et ai. 1986 or flow textures are evident in all three Finnish metapicrite localities arguing against the possibility that the ultramafic rocks were cumulates of basaltic to andesitic magmas.
Trace elements

Nickel
Nickel contents in these olivine porphyroblasts show an exceptionally wide range, from 290 ppm to 3315 ppm and averaging 1648 ppm. Figure 6 shows the variation of Ni with forsterite content in porphyroblastic olivines. The shaded field is the compositional range of »normal» igneous olivines as tabulated by Thompson and Naldrett (1984) according to Simkin and Smith (1970) . Some of the porphyroblastic olivines plot above this field and can be classified as »anomalous» relative to their iron and/or nickel contents. Table 4 is a correlation matrix of five variables: Fe, Mg, Mn, Ni content of mineral formula and Mg/(Mg + Fe), calculated for the porphyroblastic olivines. Ni correlates negatively with the Mg (r =-0.809), but positively with Fe (r = 0.770). This is opposite to magmatic systems where olivine nickel correlates positively with Mg content as a result of preferential removal of MgO and Ni by olivine crystallization. In the porphyroblastic olivines analyzed, substitution of Fe by Ni is evident. This is exceptional because Ni-Mg substitution is expected to dominate due to the similar sizes of Mg and Ni ions (Brown 1980) and complete solid solution in the system (Mg,Ni) 2 Si0 4 (Rajamani et al. 1975) . Furthermore, clear Ni-Fo anticorrelations require that these metamorphic olivines have not equilibrated with sulfide or talc which strongly partition Ni relative to olivine.
Manganese and calcium
Mn contents in the Finnish metapicritic olivines do not show very significant correlation with other elements (Table 4 ). However, with 95 % probability, the Mn-Fe (r = 0.584) and Mn-Ni (r = 0.599) correlations are meaningful. In igneous olivines Mn-Fe correlation is also positive but stronger (Simkin and Smith, 1970) because manganese is strongly related to major element fractionation. Relative to igneous olivines total concentrations of Mn in porphyroblasts are not anomalous. The manganese content of olivines in this study varies between 0.23-0.53 wt.% MnO, with a mean of 0.38 wt.% and show a correlation with the bulk rock composition (Fig.  7) . Manganese contents are within the broad range of magmatic olivines of Simkin and Smith (1970) relative to their iron content. In contrast, metamorphic olivines formed through serpentineout reactions tend to be much more Mn-rich (Frost 1975 , Vance and Duncan 1977 , Pincent and Hirst 1977 and have clear positive Mn-Fe correlation.
Ca concentrations of metamorphic olivines are a function of Ca contents in the olivine precursor phyllosilicates and the distribution coefficients between metamorphic phases. Calcium isting with orthopyroxene and clinopyroxene strongly decreases with increasing pressure (Adams and Bishop 1986) . Plutonic olivines characteristicly contain <0.1 wt.% Ca while extrusive and hypabyssal olivines contain more. The Ca levels of the porphyroblastic olivines are similar to those in plutonic igneous olivines (Fig. 8) .
Discussion
Fe-Mg distribution
The iron-rich nature of porphyroblastic olivine in the Svecofennian metapicritic rocks is exceptional. Olivine composition depends on bulk rock composition as expected (Fig. 9 ), but not even in the most magnesian host rock does the forsterite content exceed 76 mol.%. The amount of metamorphic olivine in magnesian metavolcanics has been reported to correlate positively with bulk rock MgO contents (Hill et al. 1988) . This seems to be valid also for the Svecofennian rocks. In the Vammala nickel belt where rock units exhibit differentiation within single flows, metamorphic olivine occurs exclusively in the most magnesian bottom units. Also the Fo content of the porphyroblasts correlates positively with MgO of the bulk rock. It follows that the more metamorphic olivine in the rock the more magnesian it is. However, Svecofennian metapicritic rocks are very magnesian and bulk rock compositions can not explain the overall Fe-rich nature of porphyroblasts.
In addition to bulk rock composition controls on metamorphic olivine composition, the nature of olivine protolith mineralogy is crucial. If serpentine had been the dominant premetamorphic alteration product of igneous olivine and other Fe-Mg minerals, deserpentinization reactions during prograde metamorphism would have produced very magnesian olivine. This is due to the very iron-poor composition of serpentine formed from olivine (e.g. Duncan 1979, Wicks and Plant 1979) and the formation of magnetite from the excess iron (e.g. Evans 1977) . Mineral assemblages and the subsolidus reactions deduced from them (see above) showed that breakdown of chlorite rather than serpentine was responsible for the formation of porphyroblastic olivine in the Svecofennian metapicrites. Complete solid solution exists between clinochlore (Mg endmember) and chamosite (Fe 2+ end-member) (Bailey 1988 (Fig. 10) . Even in rocks with very low sulfur contents, the range in OL Ni is very large. In Svecofennian metapicritic rocks, a sulphide phase did not play an important role in partitioning nickel due to the very small amount present. However, in sulfide-rich samples a regular partitioning of Fe and Ni between metamorphic serpentine derived olivine and bulk sulfide fraction has clearly been documented (Binns and Groves 1976, Papunen pers. comm.) .
Very high Ni contents of some of the olivine porphyroblasts requires that premetamorphic serpentinization was not significant and Ni has not partitioned into oxides and sulphides -a process favored by low water fugacity during serpentinization (Wicks and O'Hanley 1988) . Increasing serpentine to chlorite ratios resulted in the 
Conclusions
The major conclusions of this study are: 1. Olivine in Svecofennian metapicritic rocks is metamorphic in origin. Subsolidus reactions deduced from stable mineral assemblages suggest that olivine formed through decomposition of chlorite-dominated hydrous phyllosilicates.
2. Generally, the metamorphic origin of olivine is evident in mineral textures. However, conclusions regarding the origin made from a single electron probe analyses can be erroneous. On the basis of a relatively small population, however, magmatic and metamorphic origins can be distinguished. Olivines formed through decomposition of chlorite yield compositional trends distinguishable from those of igneous olivines or metamorphic serpentine derived olivines. Metamorphic aluminous spinel (pleonasts) formed together with olivine porphyroblasts. Its presence can be utilized to identify metamorphic olivines formed through decomposition of chlorite.
3. The metamorphic olivines analyzed are anomalously Fe 2 Si0 4 -rich relative to their host rock compositions. Forsterite contents were governed by the bulk rock composition, the mineralogy of olivine precursor phyllosilicates, and metasomatic alteration and possible weathering of phyllosilicates during their pre-breakdown metamorphic history. The relative importance of these processes operating can be estimated only semiquantitively.
4. The very large range in the olivine nickel contents is striking in the Svecofennian metapicritic rocks. Olivine precursor minerals have been a mixture of alteration products of pyroxene, olivine and glassy groundmass and their earlier metamorphic derivatives. Modal increase in metamorphic olivine with increasing MgO contents of the bulk rock, varying chlorite/serpentine ratios and possible weathering of olivine precursor phyllosilicates are responsible for the negative OL Ni -Fo correlations of metamorphic olivine. Only an insignificant proportion of nickel originally in the primary silicates has partitioned to other phases than silicates.
5. The »normal» manganese levels in these metapicrite olivines do not support significant involvement of deserpentinization reactions in their formation. The calcium concentrations in these olivine porphyroblasts are the same as those characteristic for plutonic igneous rocks.
6. In the Vammala nickel belt, metamorphic olivine together with metamorphic green spinel occur exclusively in barren metapicritic bodies (»cortlandites»).
7. Compositional trends of metamorphic olivines are significantly different from those of igneous ones. Great caution is emphasized when utilizing nickel in non-cumulate olivine for exploration purposes in metamorphosed terrains.
